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The mechanism that restores the pseudo-spin symmetry (PSS) are investigated under the relativistic Hartree-
Fock (RHF) approach, by focusing on the in-medium balance between nuclear attractive and repulsive inter-
actions. It is illustrated that the modelings of both the equilibrium of nuclear dynamics and the in-medium
effects can be essentially changed by the ρ-tensor coupling that play the role almost fully via the Fock terms,
from which the model discrepancy on the PSS restoration is verified. Specifically, the largely different density-
dependent behaviors of the isoscalar coupling strengths gσ and gω, deduced from the parametrization of the
RHF Lagrangian PKA1, play an essential role in restoring the PSS of the high-l′ pseudo-spin doublets around
the Fermi levels. Qualitatively, a guidance is provided for the modelings of both the equilibrium of nuclear
dynamics and the in-medium effects via the PSS restoration.
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In nuclear physics, one of the basic issues is to understand
the nature of nuclear force and the consequences in nuclear
structure. Among many attempts on nuclear force, the me-
son exchange theory proposed by Yukawa [1] is still one of
the most successful interpretations. From the point of view
of the effective field theory, nuclear force composes of strong
attractive and repulsive ingredients, which can be interpreted
effectively by the exchanges of the scalar and vector mesons
[2]. In nuclear systems, the delicate balance between the at-
tractive and repulsive interactions leads to an equilibrium of
nuclear dynamics, e.g., the residual attraction guarantees the
binding of a nucleus.
Adhering to such ideal, the relativistic mean field (RMF)
theory that contains only the Hartree terms of the meson ex-
change diagram of nuclear force, also called as the covari-
ant density functional theory (CDFT) in recent years, has
achieved many successes in describing various nuclear phe-
nomena [3–11]. As a typical evidence, the important in-
gredient of nuclear force — strong spin-orbit (SO) coupling
[12, 13] can be naturally interpreted, with a covariant repre-
sentation of the attractive scalar potential S (r) and repulsive
vector one V(r) of the order of several hundred MeV [14].
Such covariant representation also works well in providing
natural explanation on the origin of the pseudo-spin symme-
try (PSS), the quasi-degeneracy of two single particle (s.p.)
states (n, l, j= l+1/2) and (n−1, l+2, j= l+3/2), correspond-
ingly the pseudo-spin (PS) doublet (n′ = n− 1, l′ = l+ 1, j′ =
j = l′ ± 1/2) [15, 16]. Within the RMF scheme, the PSS is
manifested as a relativistic symmetry of the Dirac Hamilto-
nian under the condition S (r)+V(r) = 0, and the pseudo-orbit
l′ is nothing but the orbital angular momentum of the lower
component of Dirac spinor [17–20]. Further, the condition of
exact PSS was generalized as d[S (r) +V(r)]/dr = 0 [14, 21–
23]. It should be noted that both conditions imply a balance
between strong nuclear attractive and repulsive interactions,
which is simply evaluated by the RMF S (r) + V(r). More
specifically, such balance is held mainly by strong attractive
σ-scalar (σ-S) and repulsive ω-vector (ω-V) couplings.
Under the RMF approach, the in-medium nuclear interac-
tion, referred as the effective interaction that defines an ef-
fective Lagrangian, is able to provide accurate description of
nuclear properties, by collaborating with the nonlinear self-
couplings of mesons [24–26] or the density dependencies of
meson-nucleon coupling strengths [27–30]. In fact, both are
introduced to simulate the complicated in-medium effects of
nuclear force. Implemented with the Fock terms [31], an
inseparable part of the meson exchange diagram of nuclear
force, it was also found that the theoretical accuracy under
the relativistic Hartree-Fock (RHF) approach can be largely
improved by introducing the self-couplings of σ-meson or
scalar fields [32, 33]. Moreover, assuming the meson-nucleon
coupling strengths to be density-dependent, comparable ac-
curacy as the RMF theory in describing nuclear structure has
been achieved by the density-dependent relativistic Hartree-
Fock (DDRHF) theory [34–36] with the proposed RHF La-
grangians PKOi (i = 1,2,3) [34, 37] and PKA1 [35]. Besides,
significant improvements with the explicit treatment of the
Fock terms were obtained in the self-consistent description of
shell evolution [37–40], nuclear tensor force [41–43], nuclear
spin-isospin excitations [44–48], symmetry energy [49–51],
new magicity [39, 52, 53], etc.
Despite the successful applications, the conventional RMF
models suffered much from the emergences of the spurious
shell closures N or Z = 58 and 92, which correspond to rather
large splittings of the high-l′ PS doublets [35, 54]. For in-
stance, the binding energies of the nuclei around 14058 Ce and
218
92 U are systematically overestimated by RMF because of
the existences of the spurious shells Z = 58 and 92 [54]. In
fact, recent experimental measurement rules out the possibil-
ity of Z = 92 sub-shell [55]. Considering the Fock terms, the
missing degrees of freedom in RMF, such as the pi-pseudo-
vector (pi-PV) and ρ-tensor (ρ-T) couplings, can be naturally
included in RHF [31]. Thus, the in-medium balance between
nuclear attractive and repulsive interactions is expected to be
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2structurally changed from the RMF to RHF approaches, fur-
ther impacting the PSS restoration [56]. Unfortunately, the
RHF parametrizations PKOi still induce such spurious shells,
although both the σ-S and ω-V couplings have been notably
changed by the Fock terms [34]. Until implemented with
the ρ-T coupling, these spurious shell closures are eliminated
eventually by the RHF parametrization PKA1 [35] that prop-
erly restores the PSS for the high-l′ PS doublets [38, 52, 57].
In general for the low-l′ PS doublets around the Fermi levels,
e.g., the (n+ 1)s1/2 and nd3/2 partners (l′ = 1), the PSS can
be properly restored in the RMF calculations and the RHF
ones with PKOi [10]. However for the high-l′ PS doublets,
rather large splittings are often obtained by these calculations,
in contrast to the ones with PKA1 [35, 38, 52, 57].
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FIG. 1. (Color Online) Proton shell gaps (MeV) [plot (a)] and the
splittings of PS partners nearby (both above or below the Fermi lev-
els) ∆EpiPSO (MeV) [plot (b)] for the traditional magic nuclei
48Ca,
90Zr, 132Sn and 208Pb, and the superheavy one 310126184 predicted
by PKA1. The results are calculated by PKA1 [35], PKO3 [37], DD-
ME2 [58], PK1 [26] and NL3∗ [59]. Experimental data are taken
from Ref. [60].
Taking the traditional magic nuclei 48Ca, 90Zr, 132Sn and
208Pb, and the predicted superheavy one 310126 by PKA1
[52] as the examples, Fig. 1 shows the relevant proton shell
gaps [plot (a)] and the splittings of the PS doublets neigh-
boring the shells [plot (b)], given by the RHF Lagrangians
PKA1 [35] and PKO3 [37], and the popular RMF ones DD-
ME2 [58], PK1 [26] and NL3* [59]. As seen in plot (b), the
pseudo-spin orbital (PSO) splittings given by all the selected
Lagrangians show near parallel trends from the light to heavy
nuclei. Referring to the experimental values [60], only PKA1
shows appropriate agreements, whereas the others distinctly
overestimate the PSO splittings. This brings remarkable con-
sequences on the opening of the neighboring shells in heavy
nuclei.
From Fig. 1, it can be seen that the proton shell Z =
82 in 208Pb becomes less pronounced if larger splitting of
the PS doublet (2 f7/2,1h9/2) is obtained by the selected La-
grangians, among which PKA1 reproduces the PSO splitting
and presents the most notable magic shell [35, 61]. Notice that
the current calculations are performed on the level of mean
field approach. If considering the effects beyond mean field
approach, such as particle vibration coupling (PVC) [62], the
single-particle (s.p.) levels may be shifted towards the Fermi
levels [63]. Such that the underestimated shells Z = 82 in Fig.
1 (a) can be further squeezed, because the s.p. states which de-
termine the shell gaps are either below or above the Fermi lev-
els. On the contrary, the selected PS doublet orbits are either
both above or below the Fermi levels. Qualitatively speaking,
the PSO splittings in Fig. 1 (b) may be even enlarged slightly
by the PVC effect, because it shifts the PS doublet orbits along
the same direction towards the Fermi levels and such effect is
reduced when the s.p. orbit is farther away from the Fermi
levels [63].
Similarly in 132Sn, the selected models, only except PKA1,
also present large splittings for the PS doublet (2d5/2,1g7/2),
inducing a spurious shell Z = 58 just above the magic one
Z = 50 [35]. It may less impact the magicity Z = 50, while
indeed compresses the opening of the sub-shell Z = 64 in
semi-magic nucleus 14664 Gd82 [38] and limits the extension of
neutron drip line of the cerium isotopes [57]. Moreover, as
shown in Fig. 1, the occurrence of the superheavy magicity
Z = 126 seems essentially related to the PSS restoration of the
high-l′ PS doublet (pi2g9/2,1i11/2). Specifically, PKA1 pre-
dicts Z = 126 to be magic, while the others support the magic
shell Z = 138, which corresponds to large splitting of the PS
doublet (pi2g9/2,1i11/2). Therefore, it is worthwhile to further
clarify the PSS restoration for the high-l′ PS doublets, in par-
ticular the distinct deviations between PKA1 and the other rel-
ativistic models.
In the following, we focus on the doubly magic nucleus
208Pb, that possesses plenty of PS doublets with various an-
gular momenta, to study the systematics of the PSS restora-
tion with respect to pseudo-orbit l′, by applying the RHF La-
grangians PKA1 and PKO3, and the RMF one DD-ME2. To
verify the relation between the PSS restoration and the equi-
librium of nuclear dynamics, it is necessary to briefly recall
the RHF/RMF Hamiltonian, which may contain the isoscalar
σ-S and ω-V, and the isovector ρ-V, ρ-vector-tensor (ρ-VT),
ρ-T and pi-PV, and photon vector (A-V) couplings [31, 35] as,
H =
∫
dxψ¯ (−iγ · ∇+M)ψ
+
1
2
∑
φ
∫
dxdx′ψ¯(x)ψ¯(x′)ΓφDφψ(x′)ψ(x). (1)
In the Hamiltonian (1), ψ represents nucleon spinors, and Dφ
denotes the propagators in various meson (photon) coupling
channels φ, and the interaction vertexes Γφ read as,
Γσ-S(x, x′) ≡− (gσ)x (gσ)x′ ; (2a)
Γω-V(x, x′) ≡
(
gωγµ
)
x
(
gωγµ
)
x′ ; (2b)
Γρ-V(x, x′) ≡
(
gργµ~τ
)
x
·
(
gργµ~τ
)
x′ ; (2c)
3ΓA-V(x, x′) ≡e
2
4
[
γµ (1−τ3)
]
x
[
γµ (1−τ3)]x′ ; (2d)
Γpi-PV(x, x′) ≡−1
m2pi
(
fpi~τγ5γk∂k
)
x
·
(
fpi~τγ5γl∂l
)
x′ ; (2e)
Γρ-T(x, x′) ≡ 14M2
(
fρσνk~τ∂k
)
x
·
(
fρσνl~τ∂l
)
x′ ; (2f)
Γρ-VT(x, x′) ≡ 12M
(
fρσkν~τ∂k
)
x
·
(
gργν~τ
)
x′
+
(
gργν~τ
)
x
· 1
2M
(
fρσkν~τ∂k
)
x′ . (2g)
Here the bold type represents the vectors in space and ar-
rows for the isovector ones. In deriving the Hamiltonian (1),
the retardation effects are neglected in the propagators Dφ as
usual. To get the energy functional, namely the expectation
of the Hamiltonian with respect to the Hartree-Fock ground
state [31], Dirac spinor ψ is quantized in terms of the cre-
ation and annihilation operators defined by the solutions of
the Dirac equation. Restricted on the level of mean field ap-
proach, the contributions from the negative energy states in
quantizing the Dirac spinor ψ are ignored, namely the no-sea
approximation. Thus, the energy functional can be obtained
from the expectation of the Hamiltonian (1) with respect to
the Hartree-Fock ground state [31], in which the Fock terms
are considered/dropped explicitly in the RHF/RMF approach.
In order to provide accurate description of nuclear proper-
ties, the coupling strengths gσ, gω, gρ, fpi and fρ in the vertexes
(2) are treated as functions of the nucleon density ρb to take
the nuclear in-medium effects into account phenomenologi-
cally. For the details, please refer to Refs. [27, 28, 30, 34, 35].
TABLE I. Contributions to the binding energy (MeV) of 208Pb from
various channels given by the RHF Lagrangian PKA1, where Ekin.
and Ec.m. correspond to the kinetic energy and the center-of-mass
corrections, respectively.
208Pb Neutron Proton Total
Ekin. 1596.56 907.90 2504.45
Hartree
σ-S -14321.01 -10022.61 -24343.62
ω-V 11520.95 7962.61 19483.56
A-V 0.00 827.64 827.64
ρ-V 98.42 -65.12 33.30
ρ-VT -1.65 1.08 -0.57
ρ-T -0.31 0.21 -0.10
Fock
σ-S 3503.28 1774.31 5277.58
ω-V -2451.24 -1265.22 -3716.45
A-V 0.00 -29.02 -29.02
ρ-V -266.20 -210.10 -476.30
ρ-VT 122.51 89.16 211.66
ρ-T -687.90 -531.94 -1219.85
pi -103.26 -79.75 -183.01
Ec.m. -3.34 -2.24 -5.58
Total -993.17 -643.11 -1636.28
Under the RMF approach, the σ-S and ω-V couplings rep-
resent respectively the strong attractive and repulsive nuclear
interactions, and the ρ-V coupling, as well as the δ-scalar (δ-
S) one [64], characterizes the isovector nature, and the A-V
coupling for the Coulomb interaction. Further considering the
Fock terms explicitly, namely the RHF approach, the RHF
Lagrangians PKO1 and PKO3 take the pi-PV coupling into ac-
count, and PKA1 contains both the pi-PV and ρ-T coupling
(automatically the ρ-VT one) [34, 35, 37]. To have a complete
understanding on the energy functional, Table I shows the ki-
netic energy Ekin., the potential energies of various channels
and the center-of-mass corrections Ec.m. [26] given by PKA1
for 208Pb.
Generally speaking, the equilibrium of nuclear dynam-
ics, e.g., the binding of nucleus, is dominated by the strong
isoscalar σ-S and ω-V couplings. For the isovector channels,
the Hartree terms (see the upper panel of Table I) present tiny
contributions after the cancellation between neutron and pro-
ton. Thus, the balance between the σ-S and ω-V couplings
dominates the equilibrium of nuclear dynamics in the RMF
approach. Because of the Fock terms, the isovector channels
present net attractive and notably enlarged mean field poten-
tials. In particular, the ones contributed by the ρ-T coupling
are rather strongly attractive, even after cancelling with the
repulsive ρ-VT coupling. From Table I, it is obvious that the
pi-PV and ρ-T (ρ-VT) couplings play the role almost fully via
the Fock terms, and the σ-S and ω-V couplings are the domi-
nant channels in deducing the equilibrium of nuclear dynam-
ics, although the isovector Fock terms present substantial con-
tributions.
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FIG. 2. (Color Online) Proton (pi) pseudo-spin orbital (PSO) split-
tings ∆EpiPSO (MeV) in
208Pb as functions of pseudo-orbit l′ [plot
(a)], as well as the sum contributions from kinetic energy, σ and
ω potential energies Ekin.+σ+ω [plot (b)]. The results are extracted
from the calculations with PKA1, PKO3, DD-ME2, and the tentative
parametrizations 1.0κρ and 0.0κρ based on PKA1.
Using PKA1, PKO3 and DD-ME2, Fig. 2 shows the proton
(pi) PSO splittings ∆EpiPSO in
208Pb as functions of pseudo-orbit
l′, including the PS doublets (pi2s1/2,pi1d3/2), (pi2p3/2,pi1 f5/2),
(pi2d5/2,pi1g7/2) and (pi2 f7/2,pi1h9/2) with l′ from 1 to 4, re-
spectively. The experimental value for l′ = 4 [60] is also
shown (snowflake symbol) in plot (a) for reference. As re-
vealed in Refs. [14, 21, 56], the PSO splittings decrease to-
wards the Fermi levels in general, leading to properly restored
PSS around Fermi levels. Coincidentally, the ∆EpiPSO given by
PKA1 decreases with respect to l′ towards the Fermi level, and
consistent with the experimental value a well restored PSS at
4l′ = 4 is achieved by PKA1. On the contrary, both PKO3 and
DD-ME2 present rather large ∆EpiPSO values at l
′ = 4, corre-
sponding to the spurious shell Z = 92 [54, 55].
We further show in Fig. 2 (b) the sum contributions to
∆EpiPSO from the kinetic term, and the dominant σ-S and ω-
V channels, denoted as Ekin.+σ+ω. As mentioned, the equi-
librium of nuclear dynamics is determined mainly by the bal-
ance between the strong attractive σ-S and repulsive ω-V cou-
plings. In Fig. 2 (b), it is also clearly shown that the systemat-
ics of ∆EpiPSO can be interpreted almost fully by the sum con-
tributions Ekin.+σ+ω. Consistent with Fig. 2 (a), the Ekin.+σ+ω
term given by PKA1 decrease distinctly with respect to l′, in
contrast to PKO3 and DD-ME2. One may also notice that
from the RMF (DD-ME2) to the RHF (PKO3 and PKA1)
models, the Ekin.+σ+ω contributions are remarkably reduced.
Specifically, the l′-dependencies are shifted nearly in parallel
from DD-ME2 to PKO3. Both may imply some systematical
changes from the RMF to RHF approaches in modeling the
equilibrium of nuclear dynamics.
According to the conditions V(r) + S (r) = 0 and d[V(r) +
S (r)]/dr = 0, the PSS restoration is governed by the delicate
cancellation between nuclear attractive and repulsive interac-
tions, as well as the equilibrium of nuclear dynamics. Thus,
the model discrepancy shown in Fig. 2 can be traced back to
the details of the in-medium nuclear interactions. In this con-
text, the modeling of nuclear in-medium effects, i.e., by the
density dependence of the coupling strengths, may also re-
sult noticeable effects. To further understand the PSS restora-
tion for the high-l′ PS doublets, we show in Table II the
energy functional of 208Pb, including the total binding en-
ergy ETotal, and the contributions from the term Ekin.+σ+ω, the
isovector channels (ρ- and pi-couplings) Eρ+pi and Coulomb
field Ecou.. Moreover, Fig. 3 shows the isoscalar coupling
strengths gσ and gω (left panel), and the isovector ones gρ, κρ
[κρ(0) = fρ(0)/gρ(0)] and fpi (right panels) as functions of the
density ρb.
TABLE II. Contributions to the binding energy (MeV) of 208Pb from
the kinetic and isoscalar potential energies (Ekin.+σ+ω), the isovector
potential energies (Eρ+pi) and the Coulomb ones (Ecou.), calculated
by PKA1, PKO3, DD-ME2, and the tentative parametrizations 1.0κρ
and 0.0κρ based on PKA1.
Ekin.+σ+ω Eρ+pi Ecou. ETotal
DD-ME2 −2559.81 100.27 827.23 −1637.39
PKO3 −1781.19 −648.75 798.38 −1636.80
PKA1 −795.09 −1634.84 798.62 −1636.27
1.0κρ −539.92 −1826.54 734.61 −1636.46
0.0κρ −1764.32 −640.81 773.45 −1636.66
In general, various RHF/RMF Lagrangians can give similar
total binding energy for doubly magic 208Pb, a reference nu-
cleus to calibrate the model, see the last column of Table II.
The Coulomb potential energies are also quite similar, and the
slight differences between the RMF DD-ME2 and RHF ones
are due to the Fock terms. However, specific contributions
from the meson coupling channels are quite different. For the
RMF Lagrangian DD-ME2, the binding energy is dominated
by the term Ekin.+σ+ω, in which there exists large cancella-
tion between the dominant σ-S and ω-V channels as seen in
Table I. From DD-ME2 to the RHF one PKO3, the isovec-
tor channels present a net attractive contributions due to the
Fock terms, showing a notably enlarged Eρ+pi value. Consis-
tently, the term Ekin.+σ+ω is largely reduced to maintain the
equilibrium of nuclear dynamics, here giving similar bind-
ing energy of 208Pb. Even though, the term Ekin.+σ+ω still
remains dominant in determining the binding of 208Pb for DD-
ME2 and PKO3. However, because the ρ-T coupling presents
rather strong attractive potential, the isovector energy func-
tional Eρ+pi in PKA1 is much more enhanced with an even
large value than the sum Ekin.+σ+ω, see Table II. This indicates
that the balance between the dominant σ-S and ω-V channels
is significantly modified by the ρ-T coupling in PKA1.
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FIG. 3. (Color Online) Meson-nucleon coupling constants, namely
the isoscalar gσ and gω [plot (a)], the isovector gρ [plot (b)], κρ
[κρ(0) = fρ(0)/gρ(0)] and fpi [plot (c)], as functions of the density
ρb (fm−3) for PKA1, PKO3 and DD-ME2.
Coincident with the model alterations in determining the
equilibrium of nuclear dynamics, essential changes from the
RMF to RHF approaches are also found on modeling the nu-
clear in-medium effects, here by the density dependencies of
the coupling strengths shown in Fig. 3. As seen from Ta-
bles I and II, the isovector potential energies are enhanced
distinctly by the Fock terms. One may expect that more nu-
clear in-medium effects can be enclosed in the isovector chan-
nels. Thus, to maintain the appropriate modelings of both the
equilibrium of nuclear dynamics and the whole in-medium ef-
fects, both the values and density dependencies of the domi-
nant coupling strengths gσ and gω are reduced from DD-ME2
to PKO3, as seen from Fig. 3 (a). Similar reduction on gρ
is also found in Fig. 3 (b). Meanwhile, it is also interestingly
seen that the density-dependent behaviors of gσ and gω can be
shifted almost in parallel between each another for both PKO3
and DD-ME2, namely gσ(ρb)/gω(ρb)≈C0 (C0 being a density
independent constant). In fact, such approximate relation can
be commonly found in the other popular density-dependent
RMF Lagrangians and the RHF PKOi.
However for PKA1, due to rather strong attractive poten-
tial contributed by the ρ-T coupling (see Tables I and II), it
indeed shakes the balance between the σ-S and ω-V cou-
plings. As shown in Fig. 3 (c), the coupling strength κρ
5[κρ(0) = fρ(0)/gρ(0)] is also strongly density-dependent, and
more nuclear in-medium effects are then carried by the ρ-
couplings (ρ-V, ρ-T and ρ-VT) in PKA1 than that in PKO3,
since both share similar gρ and fpi as seen from plots (b) and
(c). Consistently, to maintain the modelings of the equilibrium
of nuclear dynamics and the in-medium effects, the density
dependencies of gσ and gω, as well as the average value of gσ,
are further reduced from PKO3 to PKA1. In particular, as seen
from Fig. 3 (a), the density-dependent behaviors of gσ and gω
in PKA1 are rather different from each another, in contrast to
the approximate relation gσ(ρb)/gω(ρb) ≈ C0 deduced by the
parametrizations DD-ME2 and PKO3. Following the model
alterations, one can conclude that the modelings of both the
equilibrium of nuclear dynamics and the in-medium effects
are structurally changed from the RMF to RHF approaches,
in which the Fock terms, especially the ρ-T coupling, play an
essential role.
Notice that these model deviations are innately rooted from
the parameterizations of the RMF/RHF Lagrangians. This in-
spires us to perform some tentative parametrizations to clar-
ify the model discrepancy on the PSS restoration shown in
Figs. 1 and 2. Since PKA1 presents very different description
on the PSS restoration of the high-l′ PS doublets from DD-
ME2 and PKO3, we choose PKA1 as the starting point of the
parametrizations. Because the density-dependent behaviors of
gσ and gω in PKA1 are quite different, as an approximation to
DD-ME2 and PKO3, we firstly choose same density depen-
dence for gσ and gω. Specifically, starting from PKA1, the
density dependence of gω is replaced by that of gσ, namely
gω(ρb) = gω(ρ0)/gσ(ρ0)gσ(ρb) (ρ0 being the saturation den-
sity). To approximately preserve the equilibrium of nuclear
dynamics, gσ(ρ0) and gω(ρ0) are simultaneously adjusted by
few percents (∼ 4%) to give identical total binding energy
of 208Pb and the obtained parameter set is denoted as 1.0κρ.
Subsequently, the ρ-T coupling is switched off, and gσ(ρ0)
and gω(ρ0) are further adjusted simultaneously to maintain the
binding energy of 208Pb unchanged, leading to the set 0.0κρ.
The corresponding results are shown in Fig. 2 (open symbols)
and the last two rows of Table II.
As shown in Fig. 2, the PSO splittings ∆EpiPSO are largely
changed from PKA1 to the sets 1.0κρ and 0.0κρ, and even-
tually similar ∆EpiPSO values are obtained by the set 0.0κρ
as DD-ME2 and PKO3. Specifically, with identical den-
sity dependence of gσ and gω, both sets 1.0κρ and 0.0κρ
present much weaker l′-dependence than the original PKA1
on both total ∆EpiPSO and the dominant Ekin.+σ+ω contributions.
Coincidentally for both PKO3 and DD-ME2, which have
gσ(ρb)/gω(ρb)≈C0, also present weak l′-dependent Ekin.+σ+ω
terms. It seems that the l′-dependence of ∆EpiPSO is sensitive to
the difference between the density-dependent behaviors of gσ
and gω, i.e., more difference leads to stronger l′-dependence.
This is not quite difficult to understand from the in-medium
effects. In realistic nuclei, the centrifugal repulsion is en-
hanced with angular momentum increasing, and nucleons are
driven farther away from the center to the surface of nucleus,
where nucleon density varies from roughly saturated to zero
values. Due to largely different density-dependent behaviors
of gσ and gω, the balance between σ-S and ω-V couplings de-
scribed by PKA1 is also sensitively changed from the center to
the surface regions, corresponding to the residual in-medium
effects in the isoscalar channels, and such effects are mani-
fested as strongly l′-dependent ∆EpiPSO values in Fig. 2
Moreover, as shown in Table II, the Ekin.+σ+ω values are
remarkably enlarged from the set 1.0κρ to 0.0κρ, and accord-
ingly the contributions to ∆EpiPSO are raised systematically as
seen from Fig. 2 (b). In fact, such alteration can be inter-
preted qualitatively by the condition of the exact PSS, namely
S (r)+V(r) = 0 or d[S (r)+V(r)]/dr = 0, that more cancellation
between the attractive and repulsive potentials leads to smaller
PSO splitting, and vice versa. Similarly, smaller Ekin.+σ+ω
value is obtained by PKO3 than DD-ME2 as shown in Table
II and reduced Ekin.+σ+ω contributions to ∆EpiPSO are found in
Fig. 2 (b) from DD-ME2 to PKO3.
At the end, it shall be mentioned that the parametrizations
1.0κρ and 0.0κρ are not fully performed and the consequent
effects to other observables, such as the energies or the radii
of other nuclei in nuclear chart, are not discussed. Combined
with the systematical alterations from PKA1 to PKO3 and fur-
ther to DD-ME2, such full parametrizations are not necessary
indeed. One may also notice that the set 0.0κρ, in which the
ρ-T coupling is switched off, shares same degrees of freedom
as PKO3. In Table II, the set 0.0κρ presents roughly iden-
tical Ekin.+σ+ω and Eρ+pi values as PKO3, as well as similar
Ekin.+σ+ω contributions to ∆EpiPSO in Fig. 2 (b). Thus, similar
as the trend from PKA1 to PKO3, the conclusion indicated
by the systematics from PKA1 to the set 0.0κρ will not be
much changed, even performing the full parametrization for
the set 0.0κρ, because it can converge to PKO3 if applying
similar parametrization conditions as PKO3, and so it does
from PKO3 to DD-ME2, if further excluding the Fock terms.
In summary, under the relativistic Hartree-Fock (RHF) ap-
proach, we studied the in-medium balance between nuclear
attractive and repulsive interactions, and the consequences on
the restoration of the pseudo-spin symmetry (PSS). As com-
pared to the traditional relativistic mean field models, the in-
medium balance between attractive σ-S and repulsive ω-V
couplings is largely changed by the Fock terms, especially
by the ρ-T coupling in the RHF Lagrangian PKA1. Co-
incidentally on the modeling of nuclear in-medium effects,
the parametrization PKA1 leads to rather different density-
dependent behaviors of the coupling strengths gσ and gω.
Both are crucial for the appropriate PSS restoration of the
high-l′ pseudo-spin (PS) doublets around the Fermi levels, re-
ferring to the experimental data. On the level of mean field
approach, our results provide a qualitative guidance on the
modelings of both the equilibrium of nuclear dynamics and
the in-medium effects from the aspect of the PSS restoration.
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